The single cell gel electrophoresis or Comet assay is one of the most popular techniques for genotoxicity assessment. The present study was undertaken to validate our previously modified version of the Comet assay for genotoxicity assessment in Drosophila melanogaster (Oregon R 1 ) with four well-known mutagenic and carcinogenic alkylating agents, i.e. ethyl methanesulfonate (EMS), methyl methanesulfonate (MMS), N-ethyl-N-nitrosourea (ENU) and cyclophosphamide (CP). Third instar larvae (74 6 2 h) of D.melanogaster were fed different concentrations of EMS, MMS, ENU and CP (0.05, 0.5 and 1.0 mM) mixed standard Drosophila food for 24 h. At 98 6 2 h, the anterior midgut from control and treated larvae were dissected out, single-cell suspensions were prepared and Comet assay was performed. Our results show a dose-dependent increase in DNA damage with all the four alkylating agents, in comparison to control. The lower concentration (0.05 mM) of the test chemicals, except MMS, did not induce any DNA damage in the gut cells of the exposed larvae. When comparison of Comet parameters was made among the chemicals, MMS was found to be the most potent genotoxicant and ENU the least. The present study validated our previous observation and shows that D.melanogaster is a sensitive and suitable model for the in vivo assessment of genotoxicity using our modified alkaline Comet assay.
Introduction
The single-cell gel electrophoresis or Comet assay is one of the most sensitive, rapid and less resource intensive techniques for genotoxicity assessment (1--3) . Moreover, it permits both qualitative and quantitative assessment of DNA damage (strand breaks, labile sites, apurinic sites or breaks due to endonuclease or topoisomerase and hydrolase action from lysosomes) at very low levels, in any eukaryotic cell. It has gained wide acceptance as a test for genotoxicity assessment in different fields e.g. genetic toxicology (4--6), apoptosis (7, 8) , to discriminate between apoptotic and necrotic cell death (8, 9) , to evaluate the antineoplastic efficacy of chemotherapy and radiation (10--12) , epidemiological and biomonitoring studies (13--15) . It gives an insight into the DNA damage, resulting from life style (16) or occupational (17) and environmental exposure (18) . Several groups have also used the Comet assay for ecogenotoxicity evaluation (19--23) .
For genetic toxicology, the most commonly used models are rats and mice, however, in the recent years, one of the fundamental concerns for both science and ethics has been towards minimizing the number of experimental higher organisms used in toxicological research and testing. In this context, emphasis has been given to the use of alternative animal models. Drosophila melanogaster is a well-established insect model for human diseases (24--26) and toxicological research (6,27--35) due to its well-documented genetics and developmental biology. Moreover, European Centre for the Validation of Alternative Methods has recommended the use of D.melanogaster for research and testing (36, 37) .
While most of the genotoxicity studies have been confined to germ cells of Drosophila, somatic cell genotoxicity has been examined by either wing spot test or SMART assay (38) . Gross chromosomal changes have been studied in neuroblast cells of Drosophila (39) . Although, most of the chemicals enter the organisms through the gut via food, gut cells of Drosophila have been ignored so far for somatic cell genotoxicity. Recently, the Comet assay has been adapted to assess the in vivo genotoxicity in D.melanogaster (6, 40) .
In continuation of our previous study showing the usefulness of a modified Comet assay in D.melanogaster as an in vivo model for evaluating genotoxicity (6), the present study was conducted to validate the model for evaluating somatic cell genotoxicity. Alkylating agents i.e. ethyl methanesulfonate (EMS), methyl methanesulfonate (MMS), N-ethyl-Nnitrosourea (ENU) and cyclophosphamide (CP) which are identified carcinogens by the International Agency for Research on Cancer (41--44) (EMS and MMS are in the category Group 2B, ENU in Group 2A and CP in Group 1) and are also listed as mutagens (45) were used for the validation studies.
Materials and methods
The wild-type fly and larvae of D.melanogaster (Oregon R 1 ), efficient for all types of repairs, were cultured at 24 21 -free phosphate-buffered saline (PBS) and Trypan blue were procured from Hi-Media (Mumbai, India). All other chemicals were obtained locally and were of analytical reagent grade.
In the experimental study, 10 larvae (74 6 2 h) in each group were kept at 24 6 1 C, and fed different concentrations of EMS, MMS, ENU and CP (0.05, 0.5 and 1.0 mM in PBS) mixed with food for 24 h. The control larvae received normal Drosophila food. All the experiments were conducted in triplicate.
After 24 h of treatment, i.e. at 98 6 2 h, both treated and control larvae from each group were removed from food and washed thoroughly with 50 mM of phosphate buffer. The anterior midguts (AMG) were explanted from the larvae in a modified Poels' salt solution [PSS (46) ] and collected separately in microcentrifuge tube. The single-cell suspensions of gut tissues were prepared by the method of Howell and Taylor (47) as modified by Mukhopadhyay et al. (6) . PSS in microcentrifuge tube was replaced with 300 ml of collagenase (0.5 mg/ml in PBS, pH 7.4) and kept for 15 min at 24 6 1 C. The cells were then passed through nylon mesh (60 mm). Collagenase was removed by washing the cell suspension three times with PBS, 5 min each time with gentle shaking. The cells were finally suspended in 80 ml of PBS.
The cells were checked for viability before the start of the experiment using Trypan blue dye according to the method of Phillips (48) . The Comet assay was performed according to the method of Mukhopadhyay et al. (6) . In brief, 75 ml of a mixture containing 80 ml of cell suspension and 80 ml of 1.5% low melting point agarose (final concentration 0.75%) was layered on top of the end-frosted slides that were precoated with 1% normal melting point agarose. After lysis for 2 h at 4 C in a freshly prepared lysing solution (2.5 M of NaCl, 100 mM of EDTA, 10 mM of Tris, pH 10 and 1% Triton X-100, pH 10), slides were transferred to an electrophoresis unit (Life Technologies, Gaithersburg, MD), filled with fresh, chilled electrophoresis solution (1 mM of Na 2 EDTA and 300 mM of NaOH, pH 413). The slides were left for 10 min in the electrophoresis unit for unwinding. Following unwinding, electrophoresis was performed for 15 min at 0.7 V/cm (300 mA/25 V) at 4 C using a power supply from Techno Source (Mumbai, India). To prevent light induced DNA damage, if any, all the steps starting from single cell preparation were performed under dimmed light. After electrophoresis, the slides were immediately neutralized with 0.4 M of Tris buffer (pH 7.5) for 5 min and the neutralizing process was repeated three times. The slides were then stained with ethidium bromide (20 mg/ml: 75 ml per slide) for 10 min in dark. After staining, the slides were dipped once in chilled distilled water to remove the excess stain and subsequently, cover slips (24 mm 3 60 mm) were placed over them.
The slides were examined within 3--4 h, using an image analysis system (Kinetic Imaging, Liverpool, UK) attached to a fluorescent microscope (Leica, Germany). The images were transferred to a computer through a charge coupled device camera and analyzed using Komet 5.0 software.
Each experiment was performed in triplicate with 10 larvae and the slides were prepared in duplicate. Twenty-five cells per slide equaling 150 cells per group were randomly captured at a constant depth of the gel, avoiding the cell present in the edges of the gel and superimposed Comets. Three different parameters were used as indicators of DNA damage-tail moment (TM; arbitrary units), tail DNA (%) and tail length (mm). These parameters have been described in detail previously (6, 49, 50) . The TM is defined as the distance between the center of mass of the tail and the center of mass of the head, in micrometers, multiplied by the percentage of DNA in the tail and is considered to be the most sensitive as both the quality and quantity of DNA damage are taken into account.
Statistical analysis
Data were analyzed using Student's t-test. Prior to analysis, homogeneity of variance and normality assumption concerning the data were tested. The level of statistical significance were set at P 5 0.05 and P 5 0.01 wherever required. Data for TM were statistically analyzed and presented in the figures as boxand-whisker plots that represented the range (minimum and maximum), median and 75 percentile.
Results
Both control and treated larvae consumed equal amounts of food since 53% variation was observed in their uptake. Cell viability measured at the time of the experiment always exceeded 95% in control as well as the treatment groups. Drosophila larvae exposed to all the four alkylating agents showed a dose-dependent increase in DNA damage as evident by a statistically significant increase in the Comet parameters i.e. tail length (mm), TM (arbitrary units) and tail DNA (%) ( Table I ). At 0.5 and 1.0 mM concentrations of all the four chemicals, a significant increase (P 5 0.01) in all the Comet parameters were observed in the cells of exposed organisms as compared with the respective controls ( Table I ). All the test chemicals except MMS, at the lowest concentration (0.05 mM), did not induce any significant DNA damage in the cells of exposed organisms (Table I) . Among the four alkylating agents, ENU was found to be the least potent inducer and MMS the most potent inducer of DNA damage in the cells of the exposed Drosophila larvae.
When the TM data were analyzed and presented as box-andwhisker plots ( Figure 1A--D) and distribution of cells (%) (Figure 2A--D) it was observed that in the control and 1 mM ENU groups, 90% of the total cells observed were in the minimum damage category (52.0 TM). However, at 1 mM of MMS, only 40% cells were in this category while 55% cells showed an increase in DNA damage (54.0 TM) and 15% cells were in the category 56.0, indicating the severity of DNA damage in this group ( Figure 2D ). When ENU induced Comet parameters in the cells of Drosophila were compared with those of EMS, MMS and CP at 0.5 and 1.0 mM dietary concentrations, a significant induction (P 5 0.05) in the Comet parameters was observed in all the test chemical exposed groups (Table II) . A similar trend was observed when CP induced Comet parameters were compared with those of EMS and MMS at 0.5 and 1.0 mM concentrations, except that the tail DNA (%) in EMS was not significantly affected as compared with CP (Table II) .
Discussion
In the present study, all four alkylating agents, EMS, MMS, ENU and CP, induced DNA damage in the gut cells of Drosophila, indicating the efficacy of our modified version of Comet assay (6) for assessment of in vivo genotoxicity in D.melanogaster. Gut cells have been sparingly used by researchers for determining the genotoxic potential of the chemicals. Since, most of the chemicals enter the organisms through the gut via food, the gut cells remain one of the primary targets for the chemicals. This was one of the rationales of considering gut cells for assessing genotoxic potential of chemicals in the present study. In this context, previous studies from this laboratory showed that both gut cells and brain cells of Drosophila exposed to cypermethrin, exhibited a similar effect when Comet parameters were compared (6).
As elucidated by Mukhopadhyay et al. (6) , one of the reasons to use 1.5% low melting point agarose [final concentration 0.75%; (6)] instead of 1% (final concentration 0.5%) generally used and recommended (2,5) is because D.melanogaster cell size is smaller than the mammalian cells. Since there is no heme group present in Drosophila, dimethyl sulfoxide (DMSO) (10%), used to scavenge radicals generated by the iron released from hemoglobin (51), was also removed from the lysing solution. In this context, previous studies from this laboratory have demonstrated that DMSO 4 0.3% is cytotoxic to Drosophila (31). Although, Bilbao et al. (40) used 20 min for each unwinding and electrophoresis, we optimized the time to 10 min for unwinding and 15 min for electrophoresis, resulting in the improvement of our assay (6) . Further improvement was achieved in the Comet assay responses in control cells by careful manipulation while dissecting out the gut and during the production of single cell suspensions.
In the present study, three concentrations as 0.05, 0.5 and 1.0 mM of all alkylating agents were selected because of their highest null and low toxicity effects on the organism under Validation of Drosophila melanogaster as an in vivo model efficient repair conditions. Vogel and Natarajan (52) examining the genotoxic potential of alkylating agents including ENU, EMS and MMS on germ cells of Drosophila by chromosome loss test, classified MMS as the most potent genotoxicant. Our study also supports these observations and has shown MMS to be the most potent alkylating agent for inducing DNA damage. The genotoxicity of CP observed in gut cells of Drosophila in the present study can be due to the fact that these cells are metabolically active (53) . Earlier studies of Graf et al. (38) and Vogel and Nivard (54) showing genotoxicity of CP in Drosophila by SMART assay and eye spot test further supports the present study. Interestingly, the modified Comet assay is more sensitive than the conventional techniques as we observed significant induction in Comet parameters in the gut cells as early as 24 h under in vivo conditions in comparison with 2--5 days in the other techniques (38, 54) . ENU was found to be the least genotoxic amongst the four alkylating agents used. This may possibly be due to its low nucleophilic selectivity leading to high affinity towards oxygen atoms on DNA (55) . The present data in Drosophila assume significance since they are comparable with those obtained in mammalian tissues (56) . Therefore, the present study validates our previous work (6) and recommends Drosophila melanogaster as a sensitive and suitable in vivo model for genotoxicity assessment using modified alkaline Comet assay. 
